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A B S T R A C T

The production of low-carbon hydrogen fuel is critical for sustainable energy systems. This study proposes a 
centralized district-scale wind–solar cogeneration system designed to generate green liquefied hydrogen 
alongside electricity, cooling, and freshwater for zero-emission building clusters. The system couples a wind farm 
and parabolic trough solar collectors with an LNG regasification unit, steam and organic Rankine cycles, an 
absorption refrigeration cycle, a thermoelectric generator, a reverse osmosis desalination plant, a proton ex
change membrane electrolyzer, and a Claude-based hydrogen liquefaction cycle. LNG cold energy is strategically 
utilized to enhance hydrogen liquefaction efficiency, reduce refrigeration energy demand, and maximize overall 
exergy utilization. Cascaded thermal integration among power, cooling, and hydrogen subsystems further im
proves waste-heat recovery and system performance. A comprehensive energy, exergy, economic, and envi
ronmental assessment is conducted, and multi-objective optimization using NSGA-II, assisted by an artificial 
neural network surrogate model (MSE = 0.00681), substantially reduces computational time while maintaining 
high accuracy. Under optimal conditions, the system achieves an exergy efficiency of 21.25%, producing 4.19 
kg/h of liquefied hydrogen as a green fuel, 1.39 MW of net electricity, and freshwater and cooling at a 29.6% 
lower total cost rate relative to the baseline. A case study for Dammam, Saudi Arabia, demonstrates the system’s 
potential as a scalable, low-carbon, integrated energy–water–fuel solution in hot-arid climates.

1. Introduction

Achieving net-zero energy performance in modern buildings has 

become a key priority in sustainable urban planning [1]. This shift is 
driven by rapid growth in energy demand, increasing environmental 
pressures, and the need for reliable long-term energy supply [2,3]. 
Conventional fossil-fuel-based infrastructures are increasingly 
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unsuitable for this role due to resource depletion and high greenhouse 
gas emissions [4,5]. As a result, renewable-driven district-scale energy 
systems have gained attention as practical solutions for supplying mul
tiple energy services in an efficient and coordinated manner [6–8].

Among available renewable options, hybrid wind–solar systems offer 
enhanced reliability compared to single-source configurations, owing to 
the complementary nature of solar irradiance and wind availability 
[9–11]. When integrated within cogeneration or multi-generation plat
forms, these hybrid systems can simultaneously deliver electricity, 
cooling, water, and fuels while achieving higher overall energy utiliza
tion through structured waste-heat recovery [12–14]. Such integrated 
architectures are particularly attractive for net-zero building districts, 
where diverse and continuous energy services must be supplied with 
minimal environmental impact [15,16].

Modern urban districts increasingly require electricity, cooling, 
freshwater, and access to low-carbon fuels such as hydrogen [17,18]. 
Supplying these demands through independent conventional systems 
often leads to excessive fuel consumption, reduced efficiency, and 
increased environmental impacts [19,20]. As a result, integrated 
renewable-based multi-generation systems have emerged as high- 
performance alternatives [21]. By combining renewable energy sour
ces with advanced thermodynamic cycles and structured waste-heat 
recovery, these systems enable the simultaneous production of multi
ple outputs with improved energy and exergy efficiencies [22–24]. Such 
coordinated utilization of thermal and electrical resources reduces 
operational costs and emissions, offering a technically and environ
mentally sound pathway for meeting the complex energy needs of net- 
zero building districts [25,26].

A growing body of research has focused on improving renewable- 
powered multi-generation configurations. Zhang et al. [27] proposed 
an advanced operational framework for a hybrid solar–wind system 
incorporating storage and hydrogen production. This method lowered 
operating expenditures by 16.22% while raising renewable utilization to 
80–95%, ultimately improving both economic outcomes and overall 
system performance. Assareh et al. [28] examined a solar–wind multi- 
generation system for residential applications in hot climates, inte
grating a modified steam Rankine cycle (SRC) and reverse osmosis (RO) 
desalination. The system delivered electricity, heating, cooling, and 
freshwater with energy and exergy efficiencies of 33–34%, achieved a 
CO2 reduction of 1,334 ton, and demonstrated net-zero energy capa
bility, supplying surplus energy back to the grid. Imandoust et al. [29]
optimized a solar–wind-assisted system for electricity and freshwater 
production. Using the NSGA-II optimization algorithm, they improved 
energy and exergy efficiencies to 42.64% and 40.32%, respectively, 
while achieving outputs of 61.56 MW of electricity and 3,246 m3/h of 
freshwater. These studies confirm the strong potential of renewable- 
driven multi-generation systems, while also highlighting the growing 
complexity of integrated designs.

In parallel, hydrogen has emerged as a critical component of future 
low-carbon energy frameworks due to its ability to function as a clean 
and flexible energy carrier [30–32]. Its role in decarbonizing power 
generation, industry, and transportation positions hydrogen as a key 
enabler of large-scale renewable energy deployment [33,34]. Among 
available production routes, renewable-powered water electrolysis of
fers the most environmentally benign option, avoiding the carbon in
tensity associated with fossil-based methods. Proton exchange 

Nomenclature

Symbols
A Area (m2)

CP,wt Power coefficient of wind turbine
eCO2 Natural gas emission factor (kg/kWh)
ERC Emission reduction cost ($/h)
Ėx Exergy rate (kW)

ex Specific exergy (kJ/kg)
F Faraday constant (C/mol)
G Solar irradiation 

(
W/m2)

h Specific enthalpy (kJ/kg)
J Current density 

(
A/m2)

k Thermal conductivity (kW/m)

ṁ Mass flow rate (kg/s)
P Pressure (kPa)
PR Pressure ratio
Q̇ Heat transfer rate (kW)

R Gas constant (kJ/kg.K)
s Specific entropy (kJ/kg.K)
T Temperature ( ◦C)
U Heat transfer coefficient 

(
kW/m2.K

)

V Voltage (V)
Vw Average wind speed (m/s)
Ẇ Power rate (kW)

Ż Cost rate ($/h)
ΔG Change in Gibbs free energy (kJ)

Greek Symbols
η Efficiency
λ Water content in PEME
σ Spatially resolved ionic conductivity
φ Maintenance factor

Subscripts
1,2, … State points
a Anode
act Actual
c Cathode
ch Chemical
cond Condenser
fw Freshwater
in Inlet stream
is Isentropic
ohm Ohmic
out Outlet stream
ph Physical
PT Pelton turbine
tur Turbine
wt Wind turbine

Abbreviations
ANN Artificial neural network
ARC Absorption refrigeration cycle
CRF Capital recovery factor
HEX Heat exchanger
LCOH Levelized cost of hydrogen
LINMAP Linear programming technique for multidimensional 

analysis of preference
LNG Liquefied natural gas
NPV Net present value
NSGA − II Non-dominated sorting genetic algorithm II
ORC Organic Rankine cycle
PEME Proton exchange membrane electrolyzer
PTCS Parabolic through solar collector
RO Reverse osmosis
SRC Steam Rankine cycle
TEG Thermoelectric generator
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membrane electrolyzers (PEMEs) have attracted particular attention due 
to their high efficiency, rapid dynamic response under fluctuating 
renewable inputs, and compact design [35]. However, despite advances 
in production technologies, hydrogen storage remains a major barrier to 
large-scale implementation [36]. Owing to hydrogen’s low volumetric 
energy density, advanced storage approaches, including high-pressure 
compression, chemical carriers, and cryogenic liquefaction have been 
investigated [37]. Among these options, hydrogen liquefaction provides 
significantly increased volumetric density and improved suitability for 
long-distance transport and large-scale storage, making it a promising 
solution for future multi-energy systems [38].

Recent studies have explored multi-generation systems incorpo
rating hydrogen production and liquefaction. Hai et al. [39] introduced 
an integrated system that couples a solid oxide fuel cell with a water 
electrolyzer and a Claude liquefaction cycle, enabling simultaneous 
hydrogen generation and cryogenic storage. In another study, Qing et al. 
[40] examined a solar-assisted multi-generation arrangement incorpo
rating a proton exchange membrane electrolyzer (PEME) and a Claude 
hydrogen liquefier. Their optimization and sensitivity investigations 
raised hydrogen production to 33.53 kg/h, while also supplying elec
tricity and cooling, supported by comprehensive techno-economic and 

environmental evaluations. Similarly, Wei et al. [41] developed a solar- 
driven configuration integrating a solid oxide electrolyzer with a Claude 
cycle, demonstrating favorable thermodynamic and economic perfor
mance. While these studies highlight the feasibility of hydrogen- 
integrated systems, most remain focused on individual components or 
limited-service outputs.

The inherently integrated nature of multi-generation systems in
troduces significant design complexity, requiring the simultaneous 
consideration of technical performance, economic viability, and envi
ronmental impacts [42]. Conventional optimization approaches often 
struggle under this complexity, leading to high computational cost and 
long execution times [43]. To overcome these limitations, surrogate- 
based optimization methods, particularly those combining artificial 
neural networks (ANNs) with multi-objective optimization algorithms 
have gained increasing attention [44]. Previous studies have demon
strated that ANN-based surrogate models can significantly reduce 
computational effort while maintaining high predictive accuracy 
[45–48]. Nevertheless, their application to district-scale hybrid wind
–solar cogeneration systems incorporating hydrogen liquefaction and 
liquefied natural gas (LNG) regasification remains limited.

Despite significant advances in renewable energy technologies, 

Fig. 1. Conceptual layout of the proposed renewable-based multi-generation system.
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existing solutions remain limited in their ability to reliably supply 
multiple energy services to net-zero building districts. First, while 
hybrid wind-solar systems are recognized, their integration within 
a single cogeneration framework designed explicitly for net-zero build
ing districts, simultaneously providing power, cooling, water, and 
storable fuel needs more attention. Second, the potential of liquefied 
natural gas (LNG) regasification as a dual-purpose sink (providing 
cooling for hydrogen liquefaction and supplying pipeline gas) within 
such a renewable system is largely untapped. Third, the integration of 
green hydrogen liquefaction into building-scale energy systems, espe
cially using recovered cold energy, lacks comprehensive techno- 
economic-environmental assessment. Finally, the operational opti
mization of such complex systems under real climatic conditions re
quires efficient computational strategies, such as surrogate-based 
models.

To address these challenges, this study introduces a fully integrated 
hybrid wind–solar cogeneration system tailored to the multi-faceted 
energy demands of net-zero green building districts. The proposed 
configuration simultaneously delivers electricity, cooling, freshwater, 
residential-grade natural gas, and liquefied hydrogen through an inter
connected set of thermodynamic cycles. The system incorporates wind 
turbines, parabolic trough solar collectors (PTSCs), an LNG regasifica
tion unit, an SRC coupled with a single-effect absorption refrigeration 
cycle (ARC), an organic Rankine cycle (ORC) coupled with a thermo
electric generator (TEG), an RO desalination system, a PEME, and a 
Claude-based hydrogen liquefaction process. Renewable-generated 
electricity is converted to hydrogen, while both system-generated 
waste heat and LNG cryogenic exergy are strategically harnessed to 
improve liquefaction efficiency. The regasification process concurrently 
supplies additional power and provides natural gas suitable for building 
use, reinforcing the system’s role as a multi-service urban energy solu
tion. The developed modeling and optimization framework is general 
and can be applied to other geographical contexts by utilizing local 
meteorological and economic data. The core contributions of the present 
study are presented as follows: 

• Development of a district-scale hybrid wind–solar cogeneration 
system supplying electricity, cooling, freshwater, natural gas, and 
liquefied hydrogen.

• Novel integration of LNG regasification as a cryogenic sink to 
enhance hydrogen liquefaction efficiency while providing additional 
power and usable natural gas.

• Incorporation of liquefied green hydrogen as a long-duration 
energy storage medium to improve renewable utilization and sys
tem flexibility.

• Deployment of advanced waste-heat recovery strategies, 
including SRC–ARC coupling and ORC–TEG integration.

• Comprehensive 4E performance assessment suitable for district- 
scale applications.

• Implementation of an ANN-based surrogate framework coupled 
with NSGA-II to reduce computational cost of multi-criteria 
optimization.

• Demonstration of real-world feasibility for hot-arid regions 
through a case study in Dammam, Saudi Arabia.

2. System description

Fig. 1 illustrates a centralized hybrid wind–solar cogeneration sys
tem developed to meet the integrated energy demands of net-zero green 
building districts. The system is engineered to simultaneously supply 
electricity, space cooling, potable water, residential-grade natural gas, 
and liquefied hydrogen as a storable green fuel. The system combines 
several advanced energy conversion and recovery cycles, including a 
wind farm, PTSCs, LNG regasification unit, an SRC, an ORC coupled with 
a TEG unit, a single-effect ARC, a PEME, an RO desalination unit, and a 
Claude hydrogen liquefaction cycle. The integrated configuration 

utilizes waste heat recovery and advanced cycle coupling to maximize 
energy efficiency, exergy utilization, and overall system performance.

Solar thermal energy collection begins with the PTSC field, selected 
for its high optical efficiency and ability to deliver outlet temperatures 
exceeding 600 K—sufficient for driving high-performance power cycles. 
A synthetic heat transfer fluid (HTF), Therminol VP1, circulates through 
the solar field, absorbing concentrated heat and delivering it to the 
downstream energy-conversion units (point 1). The high-temperature 
HTF first supplies heat exchanger 1 (HEX1), which generates super
heated steam for the SRC (points 2–3). In the SRC, the pumped water 
enters the HEX1 and is vaporized (points 5–6), then high-pressure steam 
expands through the turbine to produce electricity (points 6–7). The 
exhaust steam exiting the turbine retains substantial thermal energy and 
is routed to the generator of the single-effect ARC, where a lithium 
bromide–water solution absorbs the residual heat to produce a cooling 
load (points 9–18). This arrangement enables efficient utilization of low- 
grade heat while providing continuous refrigeration output.

The partially cooled HTF leaving the HEX1 still contains usable 
thermal energy (points 3–4), and is directed to the combined ORC–TEG 
system (points 19–22). In this configuration, the ORC condenser is 
replaced by a TEG module (points 21–22), allowing a portion of the 
remaining heat to be directly converted into electricity via the Seebeck 
effect. The rejected heat from the ORC–TEG unit is transferred to the 
LNG stream entering the regasification unit. After the LNG is pumped 
(points 23–24) and warmed, though it remains at a low temperature 
(points 24–25), the resulting natural gas expands through a turbine to 
generate additional power (points 25–26). After expansion, the rela
tively cold natural gas serves as the initial heat sink for the Claude 
hydrogen liquefaction cycle (points 26–27), providing the precooling 
duty required before achieving deep cryogenic temperatures (points 
42–43).

Complementing the thermal subsystems, the wind farm contributes 
intermittent electricity, enhancing system reliability during periods of 
low solar availability. Freshwater generation is accomplished through 
an RO desalination unit, which utilizes a portion of the produced elec
tricity to purify seawater, an essential feature for deployment in arid 
coastal regions (points 28–35). Concurrently, green hydrogen is gener
ated in the PEME using renewable electricity to split water into 
hydrogen and oxygen (points 36–42). The produced hydrogen is 
directed to the Claude liquefaction cycle, where it undergoes multistage 
compression, expansion, and intercooling to reach cryogenic conditions 
(points 42–57). Liquefaction enables compact, safe, and transportable 
hydrogen storage, supporting its role as a long-term clean energy carrier 
within the integrated system. The complete set of thermodynamic 
properties for all state points labeled in Fig. 1 is provided in Table 10, 
establishing the baseline for the subsequent analysis.

3. Numerical modeling and simulation methodology

The proposed hybrid wind–solar multi-generation system is modeled 
using a MATLAB-based simulation platform, which enables flexible 
implementation of component-level thermodynamic models and system 
integration [49]. Thermophysical properties of all working fluids are 
obtained from the NIST REFPROP database, which provides experi
mentally validated values for temperature, pressure, enthalpy, entropy, 
and related properties based on internationally recognized equations of 
state [50]. REFPROP has been extensively benchmarked for a wide 
range of operating conditions, including near-critical and two-phase 
regions relevant to power generation and cryogenic processes.

All subsystem models are formulated using fundamental conserva
tion laws of mass, energy, and exergy, together with component-specific 
correlations adopted from well-established literature. As described in 
Section 5, the individual models of key components, including the PTSC, 
PEME, RO unit, ARC, TEG, and hydrogen liquefaction cycle, are inde
pendently validated against experimental or high-fidelity numerical 
data reported in previous studies. The close agreement obtained 
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confirms the capability of the modeling framework to reproduce realistic 
fluid behavior and system performance over the operating range 
considered. This integrated numerical framework therefore provides a 
reliable basis for evaluating energy distribution, system performance, 
and sources of inefficiency in the proposed configuration. The following 
boundary conditions and external inputs delineate the problem scope: 

• Primary energy inputs (Source terms): The system is driven by 
two renewable fluxes: (i) a solar direct normal irradiance of 800 W/ 
m2 incident on the PTSC field, and (ii) a mean wind velocity of 4 m/ 
s4m/s for the wind farm.

• Material feed streams: Inputs include LNG at cryogenic storage 
conditions, seawater with 35,000 ppm salinity for RO, and high- 
purity water for PEME.

• Product delivery boundaries: Useful outputs including, electricity, 
cooling, freshwater, regasified natural gas, and liquefied hydrogen 
are delivered to specified downstream conditions reflecting end-use 
requirements.

• System Closure and Reaction Zone: The control volume is mate
rially closed except for the defined inlets (LNG, seawater, air, PEME 
feed water) and outlets (products, brine exhaust).

The key input parameters used for the simulations are summarized in 
Table 1.

3.1. Governing conservation equations

The performance of the proposed hybrid wind–solar multi- 
generation system is analyzed based on the fundamental conservation 
principles of mass, energy, and exergy applied under steady-state and 
steady-flow conditions. The following core assumptions apply to the 
overall system analysis: 

• Steady-State, Steady-Flow: All system components operate under 
steady-state conditions, meaning properties at any point do not 
change with time.

• Negligible Kinetic and Potential Energy Changes: The changes in 
kinetic and potential energy of the working fluids across components 
are considered negligible compared to enthalpy changes.

• Uniform Dead State: The reference (dead) state for exergy calcu
lations is defined as the ambient condition (T0 = 298.15K, P0 =

101.325 kPa).

3.1.1. Mass balance
The mass conservation principle for a general control volume, under 

the steady-state assumption, is formulated as: 
∑

in
ṁin −

∑

out
ṁout = 0 (1) 

Where, ṁ is the mass flow rate, in means input and out means output 
streams.

3.1.2. Energy balance (First Law of Thermodynamics)
Applying the First Law of Thermodynamics to a control volume 

under steady-state conditions and neglecting kinetic and potential en
ergy changes, the general energy balance is: 
∑

in
ṁinhin + Q̇ =

∑

out
ṁouthout + Ẇ (2) 

Where, Q̇ is the heat transfer rate, Ẇ is the work output (positive when 
produced, negative when consumed), and h is the specific enthalpy. For 
electrical devices (e.g., generators, compressors, PEME), the work term 
is expressed in terms of electrical power.

3.1.3. Exergy balance (Second Law of Thermodynamics)
Exergy analysis quantifies irreversibilities (exergy destruction) 

within components. For a control volume at steady-state, the general 
exergy balance is: 

ĖxQ +
∑

in
ṁinexin = ĖxW +

∑

out
ṁoutexout + Ėxdest (3) 

The exergy transfer associated with heat and work are: 

ĖxQ =

(

1 −
T0

T

)

Q̇ (4) 

ĖxW = Ẇ (5) 

The total specific exergy of a stream is the sum of its physical, chemical, 
kinetic, and potential components: 

ex = exph + exch + exkn + expt (6) 

Consistent with our system-level assumptions, kinetic (exkn) and po
tential (expt) exergy contributions are neglected, simplifying the 
expression to: 

ex ≈ exph + exch (7) 

The physical exergy component is calculated as: 

Table 1 
Input parameters used for system modeling [51–55].

Parameter Value Parameter Value

P0, (bar) 1.013 Reverse osmosis desalination unit
T0, (K) 298.15 Pump and turbine conversion 

efficiency, (%)
85

Solar cycle Salinity level of the input 
seawater,(ppm)

35,000

Size of individual 
collector, (m)

12.27 Salinity concentration of the 
treated freshwater,(ppm)

450

Pressure reduction, (%) 5 Recovery ratio of the 
desalination membrane, (− )

0.55

Individual collector width, 
(m)

5.76 SRC, ORC, and TEG

DNI, (W/m2) 800 TEG figure of merit, (− ) 0.8
Heat loss 

constant,(W/m2.
◦ C)

3.82 Pinch point temperature of 
HEX1, (◦C)

15

Solar collector area,(m2) 16,000 Pinch point temperature of 
HEX2, (◦C)

15

Wind farm Pump and turbine conversion 
efficiency, (%)

85

Turbine performance 
factor, (− )

0.9 PEME

Total count of wind 
turbine units, (− )

5 Cell operating temperature, (K) 353.15

Mean wind velocity, (m/s) 4 Cell Operating pressure, (bar) 1.013
Wind energy capture 

efficiency, (− )
0.55 Activation energy associated 

with the anode reaction, 
(kJ/mol)

76

Rotor span of each turbine, 
(m)

44 Faraday’s constant, (− ) 96,485

Single-effect absorption 
refrigeration cycle

Pre-exponential factor for 
anode current density, (A/m2)

1.7 ×
105

Evaporator operating 
temperature, (◦C)

5 Relative water content in the 
cathode electrode, (− )

14

Operating temperature of 
generator, (◦C)

90 Relative water content in the 
anode electrode, (− )

10

Condenser operating 
temperature, (◦C)

35 Pre-exponential factor for 
cathode current density, 
(A/m2)

4.6 ×
103

Absorber operating 
temperature, (◦C)

35 Thickness of the proton 
exchange membrane,(μm)

100

HEX3 Effectiveness, (− ) 0.72 Activation energy for the 
cathode reaction, (kJ/mol)

18
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exph = h − h0 − T0(s − s0) (8) 

Where, s is the specific entropy at system conditions, and h0, s0 are 
properties at the dead state (T0, P0). Moreover, the chemical exergy of 
the substances is taken from standard reference values.

Finally, the overall exergy efficiency of the integrated system, 
defined as the ratio of total useful exergy output to total exergy input, is: 

ηex =
ĖxLiquefiedH2 + Ẇgrid + ĖxNG + Ėxfreshwater + Ėxcooling

Ėxwt + Ėxsolar + ĖxLNG
(9) 

• Parabolic through solar collectors

In the suggested system, PTSCs function as the primary source of 
thermal energy. These collectors are widely utilized due to their high 
optical efficiency, operational reliability, and ability to achieve fluid 
outlet temperatures exceeding 600 K, making them well-suited for 
powering high-performance thermodynamic cycles. The PTSC concen
trates incident solar radiation onto a receiver tube located along its focal 
line. A heat transfer fluid, such as Therminol VP1, circulates through this 
tube, absorbing the captured solar energy and transporting it to down
stream energy conversion components. The thermal performance of a 
PTSC is influenced by its optical characteristics, convective and radia
tive heat losses, fluid flow dynamics, and overall heat transfer efficiency. 
The net rate of usable heat transferred to the working fluid, after ac
counting for optical absorption and thermal losses, can be expressed as 
[56,57]: 

Q̇u = FRAap

(

SCL −
Aap

Ar
UL(Tri − T0)

)

(10) 

Aap = LCL(W − Dco) (11) 

ηr = βγξακ (12) 

SCL = Gηr (13) 

FCL =

1
UL

1
UL

+ Dro
hfi

+

(
Dro
2k ln Dro

Dri

) (14) 

FR =
ṁrCP,CL

ArUL

⎡

⎣1 − exp

⎛

⎝− ArULFCL

ṁrCP,CL

⎞

⎠

⎤

⎦ (15) 

In this analysis, FR represents the heat removal factor, which mea
sures the effectiveness of transferring the absorbed solar energy to the 
heat transfer fluid. The parameter UL is the overall heat loss coefficient, 
accounting for both convective and radiative losses from the collector to 
the surroundings. The absorbed solar radiation is expressed as SCL, 
which quantifies the fraction of incident beam radiation actually 
captured by the collector surface. Geometric and thermal conditions are 
also reflected through Ar (receiver area) and Aap (aperture area), while 
Tri and T0 correspond to the inlet fluid temperature entering the 
receiver, and the ambient air temperature, respectively. The term ηr 
refers to the overall efficiency of the receiver in capturing and trans
ferring absorbed solar radiation. 

• Wind turbine

To complement solar energy, the system integrates a wind farm, 
which enhances electricity reliability and mitigates the effects of solar 
intermittency. Each wind turbine converts the kinetic energy of moving 
air into electrical power through a combination of aerodynamic capture, 
mechanical rotation, and generator conversion. The extractable power 
depends mainly on the air density, the rotor’s swept area, the cube of the 
wind speed, and the rotor’s aerodynamic performance, quantified by the 

power coefficient. The electrical power output of a wind turbine is 
expressed as [51]: 

Ẇwt =
1
2

ηwtρairAwtCP,wt(Vwind)
3 (16) 

In this formulation, ηwt is the turbine efficiency, ρair is air density, Awt is 
rotor area, CP,wt is the power coefficient, and Vwind is wind speed. The 
aerodynamic power before conversion is [51]: 

Ẇwt,i =
1
2

ρairAwtCP,wt(Vwind)
3 (17) 

The wind exergy and exergy losses are [51]: 

Ėxwt =
1
2

ρairAwt(Vwind)
3 (18) 

Ėxdes,wt = (
1

CP,wt
)Ẇwt (19) 

• LNG regasification unit

In the proposed system, an LNG regasification unit is incorporated to 
harness low-grade waste heat and supply the cryogenic energy needed 
for hydrogen liquefaction. The process begins with LNG being pumped 
from the storage tank to the evaporator, which is thermally coupled with 
the TEG integrated with the ORC. At this stage, heat rejected from the 
TEG is recovered to vaporize the LNG, effectively utilizing energy that 
would otherwise be lost. The vaporized natural gas is then expanded 
through an LNG turbine, producing mechanical power that supplements 
the system’s total electricity output. After expansion, the cold exhaust 
from the LNG turbine is directed to a cooling stage, where its cryogenic 
potential is exploited to provide the necessary low-temperature input for 
the Claude hydrogen liquefaction cycle. In the present model, LNG is 
utilized both as a heat recovery medium and as a cryogenic source for 
hydrogen liquefaction [58]. The main governing relationships for the 
LNG regasification process are summarized in Table 2. 

• Steam and organic Rankine cycles

The hybrid system integrates both an SRC and an ORC to efficiently 
convert thermal energy into electricity over a wide temperature range. 
In the SRC, high-pressure, high-temperature steam generated from the 
solar field carries significant thermal energy, which is converted into 
mechanical work as it expands through the turbine, taking advantage of 
the high enthalpy difference between the outlet and inlet. The ORC, on 
the other hand, employs an organic working fluid with a low boiling 
point, enabling the recovery of low- to medium-grade heat that would be 
otherwise wasted in conventional cycles. By selecting a suitable organic 
fluid, the ORC can efficiently exploit residual heat from the SRC or other 
low-temperature sources, increasing the overall energy utilization of the 
system. Together, these cycles complement each other: the SRC extracts 
maximum energy from high-temperature heat, while the ORC captures 
additional energy from lower-temperature streams, thereby improving 
total electrical output and enhancing exergy efficiency. The generated 
power by the turbines is determined by the enthalpy difference across 
the turbine: 

Table 2 
LNG regasification cycle equations [58].

Component Equation

LNG pump ẆPump,LNG = ṁLNG(h24 − h23)

LNG evaporator Q̇Eva,LNG = ṁLNG(h25 − h24)

Cooling load generator Q̇Cooling,LNG = ṁLNG(h27 − h26)

LNG turbine ẆTur,LNG = ṁLNG(h25 − h26)
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Ẇturbine = ṁ
(
hin,turbine − hout,turbine

)
(20) 

Where hin,turbine and hout,turbine are the turbine inlet and outlet enthalpies, 
and ṁ is the working fluid mass flow rate. The heat input to each cycle is 
given by: 

Q̇in,Rankinecycle = ṁ
(
hin,Rankinecycle − hfeed

)
(21) 

The thermal efficiency of the cycles is expressed as the ratio of net tur
bine work to heat input: 

ηRankinecycle =
Ẇturbine

Q̇in,Rankinecycle
(22) 

By combining SRC and ORC, the system efficiently exploits both high- 
and low-temperature heat sources, maximizing electrical output and 
enhancing overall exergy utilization. 

• Thermoelectric generator unit

The TEG unit in the hybrid system is employed to convert low- to 
medium-grade thermal energy directly into electricity through the 
Seebeck effect, enhancing overall system efficiency by utilizing residual 
heat [59,60]. The performance of TEGs is fundamentally governed by 
thermodynamic principles that relate temperature differences across the 
device to the generated voltage and efficiency. The TEG unit is depicted 
in Fig. 2.

The efficiency of a TEG can be expressed as [51,61]: 

ηTEG = ηcarnot

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZTav

√
− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + ZTav

√
+ TL

TH

(23) 

ηcarnot = 1 −
TL

TH
(24) 

ZTm =
α2Tav

σR
(25) 

Tav =
TL + TH

2
(26) 

α = −
ΔV
ΔT

(27) 

In this formulation, TH and TL represent the temperatures at the hot and 
cold sides of the thermoelectric module, respectively, while Tav denotes 
the average operating temperature across the device. The Seebeck co
efficient, α, characterizes the voltage generated per unit temperature 
difference, σ represents the thermal conductivity of the module material, 
and R is the internal electrical resistance. The dimensionless figure of 
merit, ZTm, combines these properties and plays a critical role in 
determining the thermoelectric conversion efficiency. The theoretical 
electrical power output of the TEG, which is based on the energy 
transferred from the working fluid and the heat source, is calculated as 
[51,61]: 

ẆTEG = ṁ21(h21 − h22) − ṁ26(h27 − h26) (28) 

In this system, the TEG is thermally coupled to the ORC condenser, 
allowing it to recover the low-grade heat rejected by the ORC working 
fluid, thereby producing additional electricity and improving the overall 
exergy utilization of the multi-generation system. 

• Single-effect LiBr absorption refrigeration cycle

In the proposed hybrid system, low-temperature cooling is provided 
by a single-effect ARC using a lithium bromide–water solution, which 
efficiently converts waste heat from the steam Rankine cycle into useful 
cooling. Unlike conventional electrically driven vapor-compression 
systems, this cycle relies entirely on thermal energy to drive the refrig
eration process. In the ARC, the lithium bromide solution absorbs water 
vapor in the absorber, forming a concentrated solution that is subse
quently heated in the generator to release the refrigerant as vapor. This 
vapor is condensed, expanded, and then evaporated to produce the 
cooling effect. The cycle’s cooling capacity is determined by the mass 
flow rate of the refrigerant and its enthalpy difference across the 
evaporator: 

Q̇Cooling = Q̇evap = ṁref
(
hout,evap − hin,evap

)
(29) 

• Reverse osmosis desalination unit

The RO desalination unit is incorporated into the hybrid system to 
produce freshwater from seawater using electrical energy generated by 
the system. RO is a membrane-based separation process in which pres
surized feedwater is forced through a semipermeable membrane, 
allowing water molecules to pass while retaining dissolved salts and 
impurities. The permeate flow rate is determined by the applied pres
sure, membrane properties, and the osmotic pressure of the feedwater. 
The volumetric flow rate of freshwater produced can be expressed as 
[52,62]: 

V̇p = AmLP(ΔP − Δπ) (30) 

where Am is the membrane area, LP is the membrane permeability, ΔP is 
the applied hydraulic pressure, and Δπ is the osmotic pressure difference 
across the membrane. The required pump power to drive the RO process 
is given by [52,62]: 

Ẇpump =
V̇f ΔP
ηpump

(31) 

where V̇f is the feedwater flow rate and ηpump is the pump efficiency. The 
recovery ratio, representing the fraction of feedwater converted into 
permeate, is defined as [52,62]: 

Fig. 2. Schematic diagram of a TEG unit.
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Rr =
V̇p

V̇f
(32) 

RO desalination is energy-intensive compared to thermal desalination 
methods; however, when integrated with renewable electricity sources, 
such as the wind–solar hybrid system, it becomes a sustainable solution 
for addressing water scarcity. 

• Hydrogen generation subsystem

Hydrogen is generated in the proposed multi-generation system 
using a PEME, which splits water into hydrogen and oxygen by utilizing 
electricity supplied from the hybrid wind–solar power system. The 
PEME is widely preferred because of its high current density, compact 
structure, and fast dynamic response to the intermittent nature of 
renewable energy sources. Fig. 3 shows the schematic diagram of one 
cell of PEME.

The electrochemical process begins when electrical energy drives the 
water-splitting reaction, with the required input energy expressed as 
[52–54]: 

Eelec = Qelec = JV (33) 

where J is the current density and V is the cell voltage. The thermody
namic energy requirement for water electrolysis is described by the 
enthalpy relation [52–54]: 

ΔH = ΔG+TΔS (34) 

where ΔG is the Gibbs free energy and TΔS represents the entropy 
contribution. The reversible cell potential is determined by the Nernst 
equation [52–54]: 

V = V0 +Vohm +Vactiv,a +Vactiv,c (35) 

V0 = 1.229 − 8.5 × 10− 4(TPEM − 298) (36) 

Vactiv,i =
RT
F

sinh− 1
(

J
2J0,i

)

, i = a, c (37) 

Vohm = JRPEM,RPEM =

∫ D

0

dx
σ[λ(x) ] (38) 

In practice, the actual cell voltage is higher than the reversible potential 

due to overpotentials. Here, Vohm denotes the ohmic losses, while Vactiv,a 

and Vactiv,c correspond to the activation overpotentials at the anode and 
cathode, respectively. The ohmic resistance depends on ionic transport 
through the membrane, with D representing the membrane thickness 
and σ[λ(x) ] the local ionic conductivity. The exchange current density at 
each electrode, which defines the activation overpotential, is given as 
[52–54]: 

J0,i = Jref
i exp

(

−
Eactiv,i

RT

)

i = a, c (39) 

The distribution of water content across the membrane, λ(x), can be 
approximated linearly as [52]: 

λ(x) = λc +
λa − λc

D
x (40) 

Where λa and λc represent the water content at the anode and cathode 
sides, respectively. The corresponding local ionic conductivity is 
expressed as [52–54]: 

σ[λ(x) ] = (0.5139λ(x) − 0.326 ) × exp
(

1268
(

1
303

−
1
T

))

(41) 

These relations provide a rigorous framework for evaluating the energy 
requirements, polarization losses, and overall hydrogen production ef
ficiency of the PEME. When integrated with renewable electricity, the 
PEME enables sustainable and carbon-free hydrogen generation, which 
can then be utilized in the hydrogen liquefaction cycle for storage and 
transportation. 

• Hydrogen liquefication unit

Hydrogen storage and transportation in its gaseous form pose sig
nificant technical and economic challenges due to its low density and 
high pressurization requirements. To overcome these limitations, the 
present system incorporates a Claude liquefaction cycle to convert 
hydrogen into its liquid state, thereby enabling compact, safe, and long- 
term storage. The Claude process involves multiple stages, beginning 
with the compression of hydrogen to pressures typically between 2 and 
13 MPa, followed by staged cooling through heat exchangers to pro
gressively reduce its temperature. The precooled hydrogen stream then 
undergoes expansion through a throttling valve, where it enters a two- 
phase region and partially liquefies. The liquid fraction is collected in 

Fig. 3. Schematic diagram of one cell of a PEME.
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a cryogenic storage tank, while the unliquefied gaseous fraction is 
recirculated into the cycle for further processing, thereby improving 
efficiency [63]. The main governing equations for modeling the Claude 
liquefaction cycle are listed in Table 3.

3.2. Economic analysis

Evaluating the economic performance of a hybrid wind–solar multi- 
generation system is essential for determining its feasibility, cost- 
effectiveness, and long-term sustainability. This analysis considers 

both the initial capital investment and ongoing operational and main
tenance expenses, allowing informed decisions on system design and 
optimization. To annualize the capital expenditure over the project 
lifetime, the capital recovery factor (CRF) is employed [66,67]: 

CRF =
i(1 + i)N

(1 + i)N
− 1

(42) 

where i is the annual interest rate and N is the equipment lifetime in 
years. For this study, standard assumptions of a 12% interest rate and a 
20-year lifespan are adopted, reflecting typical renewable energy proj
ect conditions. The total annualized system cost is then calculated by 
summing the annualized costs of all components, while accounting for 
maintenance through a correction factor φ, and dividing by the total 
operating hours per year (thour), assumed to be 8,000 h for near- 
continuous operation [66,67]: 

Żtot =
CRF × φ ×

∑
Zk

thour
(43) 

Here, φ = 1.06 accounts for a 6% increase in costs due to routine 
servicing and repairs. This approach enables a systematic comparison of 
capital and operating expenses across the system, ensuring economically 
optimal design choices. Mathematical equations used to quantify the 
capital and operational costs of each system component are listed in 
Table 4. Furthermore, the levelized cost of hydrogen (LCOH) is defined 
as the ratio of the total system cost rate to the corresponding hydrogen 
production rate and is expressed as: 

LCOH($/kg) =
Żtot($/h)

ṁLiquid− H2(kg/h)
(44) 

3.3. Environmental analysis

The environmental dimension of energy system evaluation is of 
paramount importance, especially within the framework of worldwide 

Table 3 
Governing equations for Claude hydrogen liquefaction cycle modeling [64,65].

Component Equations

Compressor
ṁ44 = ṁ45Ẇcomp,act =

ṁ44RT0ln(P45/P44)

ηcomp
Ẇcomp,rev =

ṁ39(ex45 − ex44)ηcomp =
h45,s − h44

h45 − h44
εcomp =

Ẇcomp,rev

Ẇcomp,act

HEX 4 ṁ45 = ṁ46 ; ṁ56 = ṁ57 = ṁ = ṁ52ṁ45(h45 − h46) =

ṁ56(h57 − h56)εHEX4 =
ṁ56(ex57 − ex56)

ṁ45(ex45 − ex46)

Expander ṁ47ʹ = ṁ47ʹ́ Ẇexpa,act = ṁ47ʹ(h47ʹ − h47ʹ́ ); ηexpa =
h47ʹ − h47ʹ́

h47ʹ,s − h47ʹ́
Ẇexpa,rev =

ṁ47ʹ(ex47ʹ − ex47ʹ́ ); εexpa =
Ẇexpa,act

Ẇexpa,rev

HEX 5 ṁ48 = ṁ49 ; ṁ55 = ṁ56ṁ48(h48 − h49) = ṁ55(h56 − h55)εHEX5 =

ṁ55(ex56 − ex55)

ṁ48(ex48 − ex49)

HEX 6 ṁ49 = ṁ50 ; ṁ54 = ṁ53 ; ṁ53 = ṁ − ṁ47ʹ́ − ṁ52ṁ49(h49 − h50) =

ṁ53(h54 − h53)εHEX6 =
ṁ53(ex54 − ex53)

ṁ49(ex49 − ex50)

J-T Valve ṁ50 = ṁ51 ; h50 = h51εJ− T =
ṁ51ex51

ṁ50ex50
Receiver ṁ53 = ṁ − ṁ47ʹ́ − ṁ52ṁ52h52 + ṁ53h53 = ṁ51h51εrec =

ṁ53ex53 + ṁ52ex52

ṁ51ex51

Table 4 
Mathematical equations used to quantify the capital and operational costs of each system component 
[51,55,68,69].

Subsystem Cost functions

PTSCs ZPTSC = 240× Aap,tot

HEXs ZHX1 = 2143× (AHX1)
0.514

Pump
Zpump = 200×

(

Ẇpump

)0.65

Turbine
Ztur = 479.34×

(
ṁ

0.92 − ηtur

)

× log(RP,tur)× (1+ exp(0.36× T8 − 54.4)

Compressor
ZComp = 71.1×

(
ṁ

1 − ηComp

)

× log(RP,comp)× RP,comp

Regenerator ZReg = 2143×
(
AReg

)0.514

Heater ZPre = 130× (
APre

0.093
)
0.78

PEME ZPEME = 1000× Ẇelec
Wind turbine ZWT = 3465× (Ẇwt)

0.5366

Absorber ZAbs = 16000× (AAbs/100)0.6

RO HPP
log10

(
ZRO,P

)
= 3.3892 + 0.0536log10

(

ẆRO,P

)

+ 0.1538
[

log10

(

ẆRO,P

)]

RO module ZRO = 10N.Am

Pelton Turbine
log10(ZPT) = 2.2476 + 1.4965log10

(

ẆPT

)

− 0.1618
[

log10

(

ẆPT

)]2

SWIPS ZSWIPS = 996Q̇f
Inter cooler Zint = 1773ṁ
Evaporator ZEvap = 309.14(AEvap)

0.85

Condenser ZCond = 516.62(ACond)
0.6

Claude compressor
ZComp2 = 71.1×

(
ṁ×RP,comp2

0.01

)

× ln(RP,comp2)

Claude HEXs ZClaudeHEXs = 2143× (AHEXs)
0.514

J-T valve ZJ− T = 114.5(ṁ − ṁe)

Separator ZSep = 280.3(ṁ − ṁe)
0.67

Expander ZWT = 4750× (ẆExp)
0.514
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initiatives aimed at combating climate change and minimizing envi
ronmental degradation. Unlike fossil fuel-based technologies, hybrid 
wind–solar systems operate without direct combustion, thereby elimi
nating emissions of greenhouse gases, nitrogen oxides, sulfur oxides, and 
particulate matter. This transition not only lowers the carbon footprint 
but also alleviates associated public health risks and reduces stress on 
freshwater resources that are often consumed in thermal power plants. 
Additionally, by harnessing renewable sources, the system decreases 
dependency on finite natural gas reserves and promotes long-term en
ergy security.

The environmental performance of the multi-generation system is 
quantified determining the extent to which it decreases carbon dioxide 
emissions in comparison with a conventional natural gas-fired power 
facility. The reduction in CO2 emissions per unit of electricity generated 
is calculated as: 

˙ΔmCO2 = Ẇnet × eCO2 (45) 

Here, eCO2 denotes the emission factor for natural gas, taken as 0.18 
kg of CO2 per kilowatt-hour. Furthermore, the economic benefits of 
reducing CO2 emissions are evaluated through the emission reduction 
cost (ERC), defined as:

where Ẇnet is the net electrical output of the system, and eCO2 is the 
emission factor of natural gas, taken as 0.18 kg CO2/kWh. Beyond the 
environmental benefits, the financial implications of emission re
ductions are assessed through the emission reduction cost (ERC), which 
accounts for the monetary value of avoided carbon emissions: 

ERCCO2 = ˙ΔmCO2 × CCO2 (46) 

Here, CCO2 represents the cost of CO2 emissions, valued at 0.024 
USD/kg. This dual assessment highlights not only the contribution of the 
hybrid system to climate change mitigation but also its potential to 
generate economic savings through reduced carbon liabilities. Conse
quently, the integration of solar and wind energy into the proposed 
design demonstrates a strong alignment with sustainable development 
goals by combining ecological responsibility with financial viability.

4. Ann-based optimization

Optimizing complex hybrid renewable multi-generation systems re
quires handling multiple, interdependent objectives, such as maximizing 
exergy efficiency and hydrogen output while minimizing system costs. 
In this work, an ANN is implemented as a surrogate model to emulate the 
nonlinear behavior of the proposed wind–solar poly-generation system. 
The ANN is trained using datasets generated from thermodynamic and 
economic simulations, allowing rapid evaluation of system responses 
with minimal computational demand compared to conventional 

simulation-based optimization approaches.
The developed ANN consists of an input layer, an output layer, and 

six hidden layers. The selected input parameters include the number of 
wind turbines, the total aperture area of PTSCs, the turbine inlet pres
sure, and the pinch point temperature differences of heat exchangers 
HEX1 and HEX2. The outputs of interest are defined as the liquefied 
hydrogen production rate, the overall exergy efficiency, and the total 
cost rate. The network is trained using the Levenberg–Marquardt 
backpropagation algorithm, chosen for its superior convergence per
formance in nonlinear optimization problems. To ensure robustness, the 
dataset is divided into training, validation, and testing subsets. Fig. 4
shows the architecture of the ANN used in this study. Table 5 summa
rizes the input variables and hyperparameters employed in the ANN 
training process.

The decision variables and their variation ranges are summarized in 
Table 6. These parameters represent the adjustable design and operating 
conditions of the system, while the optimization objectives are to 
maximize liquified hydrogen production rate and exergy efficiency and 
to minimize the total cost rate.

Fig. 4. Schematic diagram of the ANN architecture.

Table 5 
Input parameters and hyperparameters employed in ANN 
training.

Parameter Value

Generated data 1000
Data generation method Random
Validation data 15%
Training data 70%
Test data 15%
Maximum epoch 1000
Number of hidden layers 6
Neurons in each layer 10

Table 6 
Range of variation for the objective functions and decision variables.

Parameter Lower bound Upper bound

Decision variables
Number of wind turbines (− ) 1 10
Total area of PTSCs (m2) 10,000 20,000
Turbine inlet pressure,(kPa) 1000 3500
Pinch point temperature differences of HEX1 ( ◦ C) 10 35
Pinch point temperature differences of HEX2 ( ◦ C) 10 35
Objective functions
Exergy efficiency (ηex,tot) Should be maximized
Liquefied hydrogen production rate (kg/h) Should be maximized
Total cost rate (Żtot) Should be minimized
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After training, the ANN is integrated with the NSGA-II to perform 
multi-objective optimization. NSGA-II is a widely used evolutionary 
algorithm that effectively investigates trade-offs among competing ob
jectives and produces a Pareto-optimal front. In this study, it is utilized 
to determine optimal system configurations that enhance exergy effi
ciency and liquefied hydrogen production while reducing the total cost 
rate. The use of ANN within the optimization framework accelerates the 
search process, as system evaluations are carried out through fast ANN 
predictions instead of computationally expensive simulations. The Par
eto frontier diagrams generated by NSGA-II provide valuable insights 
into the trade-offs between energy, environmental, and economic per
formance indicators. The parameters employed in the NSGA-II optimi
zation are summarized in Table 7.

5. System verification

Given the novelty of the proposed hybrid poly-generation system, no 
comprehensive experimental benchmark exists for the entire integrated 
configuration. Consequently, the reliability of the system model is 
established by independently validating each major subsystem against 
well-documented experimental or numerical results from the literature.

For the solar thermal unit, the simulated heat transfer performance is 
compared with the experimental results reported by Al-Suliman et al. 
[70], as illustrated in Fig. 5(a). The comparison demonstrates close 
agreement, with deviations falling within acceptable engineering limits. 
Similarly, the PEME is validated using experimental data from Ref. [71], 
as shown in Fig. 5(b). The results confirm excellent consistency, with a 
maximum deviation of less than 1%, confirming the accuracy of the 
PEME modeling approach.

The RO desalination subsystem is verified by comparing model 
predictions with data reported Sharqawy et al. [72], presented in Fig. 5 
(c). The outcomes show strong alignment, indicating that the developed 
RO model can reliably capture water production performance. Finally, 
the TEG is validated against the results of Ziapour et al. [73], in which 
power output was analyzed as a function of the TEG figure of merit 
(ZTm). As shown in Fig. 5(d), the modeled TEG response closely matches 
the reported data, further confirming its accuracy. Overall, these com
parisons collectively demonstrate that the developed system compo
nents are robust and reliable, providing confidence in the validity of the 
integrated system model.

The single-effect ARC model was verified using the results of 

Table 7 
Parameters used in NSGA-II optimization method.

Parameter Method/Value

Maximum generation 100
Number of variables 5
Crossover fraction 0.8
Population size 200
Function 1e-4
Selection method Tournament

Fig. 5. Subsystem model verification: (a) PTSCs with Ref. [70], (b) PEME with Ref. [71], (c) RO unit with Ref. [72], and (d) TEG unit with Ref. [73].
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Maryami et al. [74]. As shown in Table 8, the output cooling load in 
evaporator, absorber heat duty, mass flow ratio, and COP closely match 
the reference data, with only minor deviations. These results confirm the 
accuracy and reliability of the developed single-effect ARC model.

6. Results and discussion

This section details the performance assessment of the proposed 
hybrid wind–solar poly-generation system through a comprehensive 
fourfold evaluation encompassing energy, exergy, economic, and envi
ronmental metrics. Initially, the system is examined under baseline 
operational conditions to establish reference performance indicators. 
Subsequently, a parametric study explores how variations in critical 
design and operational parameters influence energy output, hydrogen 
production, and overall efficiency. Following this, a surrogate-assisted 
multi-objective optimization using ANN and NSGA-II is applied to un
cover optimal configurations that balance exergy efficiency, liquefied 
hydrogen yield, and total system cost. Finally, a practical case study 
simulates system operation using real meteorological and energy de
mand data to demonstrate the feasibility, reliability, and applicability of 
the integrated poly-generation concept in real-world scenarios.

6.1. Baseline system

The baseline analysis offers insight into the functional performance 
of the proposed hybrid wind–solar poly-generation system under stan
dard operating conditions. Key performance metrics are summarized in 
Table 9. A designated fraction of the generated electricity, 10% sourced 
from the wind farm and the combined SRC and ORC-TEG cycles, is 
allocated to the reverse osmosis unit, ensuring a continuous supply of 
desalinated water. Similarly, 10% of the total power is utilized by the 
PEM electrolyzer to enable green hydrogen production. Under these 
baseline conditions, the system produces 937.13 kW of usable electricity 
suitable for grid integration, 2295.8 kW of cooling via the absorption 
refrigeration cycle, 14.86 kg/h of fresh water, and 3.21 kg/h of liquefied 
hydrogen. Thermodynamic assessment indicates an overall exergy effi
ciency of 12.11%, while the economic analysis yields a levelized cost of 
hydrogen (LCOH) of 3.53 $/kg and a total operational cost of 162.69 

$/h. These findings highlight the system’s capability to deliver multiple 
energy services effectively, achieving a balance between operational 
efficiency and economically competitive hydrogen production. Ther
modynamic characteristics of each streamline for the baseline system 
configuration is presented in Table 10.

Fig. 6 presents the sensitivity analysis of the proposed hybrid system, 
revealing that system performance is most strongly influenced by the 
number of wind turbines and the area of the PTSC field, as indicated by 
their dominant impacts across all objective functions. The number of 
wind turbines exhibits the highest sensitivity on exergy efficiency 
(76.05%), total cost rate (13.77%), grid power interaction (63.12%), 

Table 8 
Performance comparison of the developed single-effect ARC model with Mar
yami et al. [74].

Parameter Maryami et al. [74] Present 
study

Coolingloadinevaporator(kW) 300 320.46
Mass flow ratio of solution to refrigerant ( − ) 6.22 6.19
Aborbedheatbyabsorber(kW) 352.3 366.4
COP( − ) 0.825 0.829

Table 9 
Baseline system performance.

Parameter Value

ẆSRC(kW) 666.77
ẆSRC(kW) 666.77
ẆORC(kW) 228.59
ẆTEG(kW) 70.69
ẆGrid(kW) 937.13
Q̇Cooling(kW) 2295.8
ṁfreshwater(kg/s) 14.86
ṁLiquid− H2(kg/h) 3.21
LCOH($/kg) 3.53
ĖxD,total(MW) 9.91
ηex(%) 12.11
Żtot($/h) 162.69
ERCCO2 ($/h) 7.75

Table 10 
Thermodynamic state points for the baseline system configuration.

State Point Fluid T (K) P (bar) h (kJ/kg) s (kj/kg.K)

1 Therminol VP-1 373.17 11.51 126.43 0.37
2 Therminol VP-1 604.43 11.01 609.66 1.37
3 Therminol VP-1 463.15 10.51 297.33 0.78
4 Therminol VP-1 373.15 10.01 126.24 0.37
5 Water 303.15 1.013 125.82 0.44
6 Water 303.21 15.99 127.41 0.44
7 Water 589.43 15.19 3073.8 6.98
8 Water 374.49 1.06 2594.98 7.12
9 LiBr-water 308.2 0.0088 85.02 0.2117
10 LiBr-water 308.2 0.056 85.02 0.2117
11 LiBr-water 336.6 0.056 143 0.3919
12 LiBr-water 351.2 0.056 187.9 0.4456
13 LiBr-water 318.9 0.056 125.5 0.2591
14 LiBr-water 318.9 0.056 125.5 0.2591
15 Water 351.2 0.056 2646 8.601
16 Water 308.2 0.056 146.6 0.505
17 Water 308 0.056 146.6 0.505
18 Water 278.2 0.056 2510 258.99 9.024
19 Isobutane 298.83 13.4379 261.2 1.2
20 Isobutane 448.15 12.766 883.68 2.94
21 Isobutane 415.02 3.85 821.39 2.95
22 Isobutane 298.15 3.67 258.99 1.21
23 Natural gas 111.45 1.013 − 911.7 − 6.684
24 Natural gas 111.98 15 − 907.81 − 6.674
25 Natural gas 231.95 15 − 166.78 − 2.009
26 Natural gas 163.72 3 − 294.35 − 1.867
27 Natural gas 283 3 − 36.68 − 0.686
28 Saline water 298.15 1.013 99.7 0.35
29 Saline water 298.15 6.58 100 0.35
30 Saline water 298.15 6.32 100 0.35
31 Saline water 298.15 6.07 100 0.35
32 Saline water 298.15 72.8 107 0.35
33 Fresh water 298.15 1.013 105 0.37
34 Brine water 298.15 51.0 94.6 0.29
35 Brine water 298.15 1.013 89.1 0.29
36 Water 298.15 1.013 104.92 0.367
37 Water 353.15 1.013 335.05 1.075
38 Water 353.15 1.013 335.05 1.075
39 Water 

Oxygen
353.15 1.013 335.05 

321.84
1.075 
6.56

40 Water 353.15 1.013 335.05 1.075
41 Oxygen 353.15 1.013 321.84 6.56
42 Hydrogen 353.15 1.013 4720.6 55.805
43 Hydrogen 231.7 1.013 2992.5 49.81
44 Hydrogen 222.5 1.013 2864.9 49.25
45 Hydrogen 222.5 50 2873.5 33.07
46 Hydrogen 172.6 50 2184.5 29.57
47 Hydrogen 160.15 50 2017.4 28.56
47′ Hydrogen 160.15 50 2017.4 28.56
47″ Hydrogen 63.15 1.013 906.56 34.25
48 Hydrogen 160.15 50 2017.4 28.56
49 Hydrogen 59.5 50 686.66 15.32
50 Hydrogen 47.3 50 453.76 10.91
51 Hydrogen 20.56 1.013 451.01 22.14
52 Hydrogen 20.56 1.013 451.01 22.14
53 Hydrogen 20.56 1.013 451.01 22.14
54 Hydrogen 65.15 1.013 927.58 34.58
55 Hydrogen 74.7 1.013 1028.5 36.028
56 Hydrogen 135.8 1.013 1725.6 42.798
57 Hydrogen 210.3 1.013 2697.3 48.48
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and hydrogen production (59.82%), highlighting its crucial role in sta
bilizing renewable electricity supply and reducing reliance on auxiliary 
power sources. In parallel, the PTSC area shows a major effect on the 
total cost rate (72.20%) and notable influence on grid power (25.54%) 
and hydrogen output (24.66%), since solar collection capacity directly 
governs thermal energy availability for the SRC, ARC, ORC, and lique
faction cycles. In contrast, operational parameters such as the SRC tur
bine pressure (8.81–13.93%) and the pinch-point temperature 
differences of HEX1 and HEX2 (0.52–3.49%) exhibit relatively minor 
sensitivities, indicating that thermodynamic fine-tuning of heat ex
changers and cycle pressures yields limited system-wide influence 
compared to the scale of renewable resource inputs. Overall, the sensi
tivity trends underscore that system performance is predominantly 
dictated by renewable energy capacity sizing, while internal cycle pa
rameters exert secondary effects.

6.2. Parametric analysis

A detailed analysis is conducted to assess how critical system 

parameters affect overall performance. Their effects on system outputs, 
efficiency, and economic and environmental indicators are systemati
cally assessed. 

• Solar field size

Fig. 7(a) presents the impact of enlarging the total PTSCs area on the 
outputs of the hybrid multi-generation system. Increasing the collector 
surface from 10,000 to 20,000  m2 captures more solar energy, elevating 
the heat absorbed by the circulating fluid. This higher thermal input 
raises the outlet temperature and heat transfer in HEX1, generating 
more steam in the SRC and boosting turbine work. Consequently, the 
electrical output rises from 637.57  kW to 1,136.83  kW. The amplified 
thermal energy also enhances the ARC cooling capacity, nearly doubling 
it from 1,434.71  kW to 2,869.89  kW. Additionally, the increased power 
availability enables greater hydrogen production via the PEME, 
increasing liquefied hydrogen output to 3.64  kg/h, while the RO 
desalination unit produces up to 16.85  kg/h of freshwater. These results 
highlight the strong interdependence between solar input and multi- 

Fig. 6. Sensitivity analysis of the selected parameters on the system’s outputs.

Fig. 7. Impact of increasing total area of PTSCs on the performance indicators of the system.
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product energy generation.
However, Fig. 7(b) shows that expanding the PTSC area introduces 

thermodynamic and economic trade-offs. Higher heat exchanger tem
peratures lead to increased entropy generation, slightly lowering overall 
exergy efficiency from 12.34% to 11.58%. Economically, additional 
collectors and larger heat exchangers raise the system’s operating cost 
from 104.61 $/h to 184.46 $/h. Despite this, the LCOH drops from 3.84 
$/kg to 3.38 $/kg, as higher hydrogen output offsets the added invest
ment. Environmentally, a larger solar field improves renewable energy 
utilization and reduces reliance on fossil fuels, enhancing CO2 mitiga
tion potential. 

• Wind turbine count

The wind farm is a key contributor to the hybrid wind–solar multi- 
generation system, directly affecting electricity supply and subsequent 
subsystem operations. As shown in Fig. 8(a), raising the number of 
turbines from 1 to 10 boosts the total grid-connected electricity from 
388.74 kW to 1,622.61 kW. This increase not only ensures a larger share 
of renewable electricity but also sustains continuous operation of the RO 
desalination unit, enhancing freshwater output from 9.36 kg/h to 21.71 
kg/h. Simultaneously, the additional power allocated to the PEME ele
vates liquefied hydrogen production by roughly 132.17%, while the 
ARC cooling load remains relatively constant, given its thermal energy 
demand is independent of wind capacity.

Fig. 8(b) illustrates the impact on thermodynamic performance, 
where exergy efficiency rises significantly from 6.46% to 17.37% with 

more turbines. This improvement results from the greater proportion of 
renewable energy effectively converted into useful outputs and the 
reduction of subsystem irreversibilities. While these benefits improve 
electricity, hydrogen, and freshwater production and enhance overall 
sustainability, they come at the cost of higher capital and operational 
expenditures, with total costs increasing by about 11.7% due to addi
tional turbine investment and maintenance. Nevertheless, the LCOH 
decreases by approximately 26.3%, as the substantial rise in hydrogen 
output offsets the higher expenses. Environmentally, expanding wind 
capacity reduces reliance on fossil fuels, lowering greenhouse gas 
emissions and contributing to a cleaner energy profile. 

• SRC turbine inlet pressure

The inlet pressure of the SRC turbine plays a pivotal role in defining 
the thermodynamic, economic, and environmental performance of the 
hybrid system. As depicted in Fig. 9(a), elevating the turbine inlet 
pressure from 1,000 kPa to 3,500 kPa raises the specific enthalpy of 
steam entering the turbine, enhancing the expansion potential and 
increasing mechanical work output. This improvement translates to a 
rise in grid-connected electricity from 861.26 kW to 1,056.81 kW and a 
boost in the ARC cooling capacity from 2,126.58 kW to 2,609.43 kW. 
The additional electricity also supports higher auxiliary production, 
raising liquefied hydrogen output to 3.47 kg/h and freshwater genera
tion to 16.05 kg/s.

Economically, higher turbine inlet pressures require more robust 
turbine construction, slightly increasing investment and operational 

Fig. 8. Impact of increasing number of wind turbines on the performance indicators of the system.

Fig. 9. Impact of increasing SRC turbine inlet pressure on the performance indicators of the system.
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costs. Fig. 9(b) shows total system costs rising modestly from 151.4 $/h 
to 155.14 $/h, while the LCOH declines from 3.59 $/kg to 3.43 $/kg due 
to enhanced hydrogen production, improving overall economic 
viability. Thermodynamically, the increased pressure enhances energy 
conversion efficiency, reduces cycle irreversibilities, and raises exergy 
efficiency from 11.01% to 13.01%, indicating better utilization of high- 
grade thermal energy. Environmentally, improved turbine performance 
decreases dependence on fossil-fuel backup, contributing to lower 
greenhouse gas emissions and reinforcing the system’s sustainability. 

• Pinch point temperature difference of HEX 1

The pinch point temperature difference (PPTD) of the HEX1 plays a 
significant role in shaping the thermodynamic and economic behavior of 
the system. As illustrated in Fig. 10(a), increasing the PPTD from 10 ◦C 
to 35 ◦C reduces the effective temperature gradient available for heat 
transfer, thereby lowering the energy delivered from the solar field to 
the SRC. This reduction directly diminishes turbine expansion work, 
leading to a drop in net grid-connected power from 939.18 kW to 
929.29 kW. The decrease in electricity availability also restricts the 
operation of the PEME and RO desalination unit, resulting in a slight 
decline in liquefied hydrogen production (from 3.214 kg/h to 3.193 kg/ 
h) and freshwater output (from 14.876 kg/s to 14.777 kg/s). Further
more, the cooling load generated by the ARC decreases marginally 
(about 0.36%) due to the weaker recovery of waste heat.

As depicted in Fig. 10(b), the higher PPTD also leads to a modest 
reduction in system exergy efficiency, dropping by approximately 

0.11%. This decline is attributed to greater thermodynamic irrevers
ibility across the heat exchanger, as a larger temperature approach re
duces the quality of recovered thermal energy. From an economic 
standpoint, however, the rise in PPTD slightly reduces the overall cost 
rate, decreasing from 152.94 $/h to 152.6 $/h, primarily because a 
looser pinch point allows for smaller heat exchanger surface areas and 
less demanding design specifications. Additionally, the LCOH increases 
from 3.529 $/kg to 3.537 $/kg, since the reduction in hydrogen output 
outweighs the marginal savings in component costs. 

• Pinch point temperature difference of HEX 2

The PPTD of HEX2, which couples the solar thermal cycle with the 
ORC-TEG unit, exerts a noticeable influence on overall system perfor
mance. As shown in Fig. 11(a), enlarging the PPTD from 10 ◦C to 35 ◦C 
weakens the driving force for heat transfer, thereby limiting the thermal 
energy transmitted to the ORC-TEG subsystem. This diminished input 
lowers both ORC turbine expansion work and the supplementary elec
tricity generated by the TEG, which collectively reduces the net grid- 
connected power from 938.26 kW to 932.07 kW. The decline in avail
able electrical energy also constrains the performance of the hydrogen 
production and desalination units, leading to small but measurable re
ductions in liquefied hydrogen output (3.212 to 3.199 kg/h) and 
freshwater production (14.867 to 14.805 kg/s). In contrast, the ARC 
remains unaffected since its driving heat source is independent of HEX2.

As indicated in Fig. 11(b), increasing the PPTD of HEX2 induces a 
mild decrease in overall system exergy efficiency, with a drop of about 

Fig. 10. Impact of increasing PPTD of HEX1 on the performance indicators of the system.

Fig. 11. Impact of increasing PPTD of HEX2 on the performance indicators of the system.
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0.08%. This effect arises from heightened entropy generation and irre
versibility within the heat exchanger, which diminish the quality of 
thermal energy transferred to the ORC-TEG unit. Economically, a larger 
PPTD slightly lowers the system’s cost rate (152.94 $/h to 152.51 $/h), 
mainly due to the reduced requirement for heat exchanger surface area 
and simplified equipment design. However, this minor cost advantage is 
offset by reduced hydrogen productivity, resulting in a marginal rise in 
the LCOH from 3.530 $/kg to 3.536 $/kg.

6.3. Optimization results

Identifying optimal operating conditions is a fundamental step in the 
design and operation of advanced hybrid energy systems, as it ensures 
both technical performance and economic feasibility. In this study, a 
hybrid optimization strategy was developed by integrating an ANN with 
the NSGA-II. This combination enables efficient exploration of the 
multidimensional solution space to determine optimal system parame
ters while substantially reducing the computational burden typically 
associated with iterative multi-objective optimization based on full 
MATLAB simulations. The ANN accurately captures the nonlinear in
teractions within the system, allowing rapid evaluation of a wide range 
of operational scenarios without the need for repeated full-scale simu
lations. Hyperparameter tuning and cross-validation were performed 
during training, which ran for up to 1000 epochs. The model achieved 
excellent predictive accuracy, with coefficients of determination (R2) of 
0.99998 for exergy efficiency, 0.99898 for total cost rate, and 0.99995 
for liquefied hydrogen production rate. Additionally, the overall MSE 
was 0.00681. The results highlight the model's reliability as a high- 
fidelity surrogate.

The optimization targeted three critical performance indicators: total 
exergy efficiency, liquefied hydrogen production rate, and total cost 
rate, reflecting the system’s combined thermodynamic and economic 
performance. NSGA-II was employed to identify the Pareto-optimal so
lutions, representing the best trade-offs among competing objectives. To 
pinpoint the solution closest to the ideal operating point, the linear 
programming technique for multidimensional analysis of preference 
(LINMAP) was applied. LINMAP evaluates each Pareto solution by 
calculating the Euclidean distance from an ideal reference, enabling the 
selection of the configuration that achieves the most balanced 
compromise between efficiency, hydrogen output, and cost. The 
resulting Pareto frontier, shown in Fig. 12, highlights the trade-offs 
among system metrics, and Table 11 summarizes the optimized deci
sion variables and corresponding outputs under optimized system 

configuration.
By comparing the results after optimization (Table 11) with those 

under base conditions (Table 9), significant improvements are observed 
across technical, economic, and environmental indicators. The opti
mized system achieves a net grid power of 1393.5 kW, representing a 
48.7% increase compared to the base case (937.13 kW). Freshwater 
production rises substantially from 14.86 kg/s to 19.42 kg/s (a 30.7% 
improvement), while liquefied hydrogen generation increases from 
3.21 kg/h to 4.19 kg/h (a 30.5% improvement), underscoring the 
strengthened role of hydrogen as a clean energy carrier. The exergy 
efficiency nearly doubles, improving from 12.11% to 21.25%, while 
total exergy destruction decreases from 9.91 MW to 7.78 MW, con
firming the effectiveness of optimization in reducing irreversibilities.

From an economic perspective, the total cost rate drops from 162.69 
$/h to 114.46 $/h (a 29.6% reduction), while the LCOH decreases from 
3.53 $/kg to 3.24 $/kg, reflecting the combined effect of higher 
hydrogen output and reduced operating costs. Environmentally, the 
system also benefits: CO2 emissions cost reduction is evident, with 
ERCCO2 decreasing from 7.75 $/h to 10.12 $/h. Although the cooling 
load decreases from 2295.8 kW to 1375.9 kW due to thermodynamic 
redistribution among subsystems, this trade-off is offset by the signifi
cant improvements in electricity, hydrogen, and freshwater outputs. 
Overall, optimization enhances the system’s technical efficiency, eco
nomic viability, and environmental performance.

6.4. Case study: Application to urban green energy buildings in Dammam

To evaluate the practical implementation of the proposed hybrid 
wind–solar multi-generation system, a case study was conducted using 
real meteorological data from Dammam, Saudi Arabia. The city’s 
rapidly expanding urban districts face increasing demand for electricity, 
cooling, and potable water, alongside growing interest in low-carbon 
energy solutions for sustainable building operations. A centralized dis
trict cogeneration approach, integrating solar and wind resources, offers 
a promising pathway to meet these needs while simultaneously pro
ducing green hydrogen for on-site storage and distributed fueling. This 
case study demonstrates the application of the developed general 
modeling framework to a specific location; the methodology is fully 
reproducible and can be adapted to assess system performance in other 
regions with distinct climatic and economic conditions.

Dammam, a coastal city in Saudi Arabia, exhibits exceptionally high 
solar irradiation and moderate wind potential, making it an ideal loca
tion for hybrid renewable deployment. By combining parabolic trough 

Fig. 12. Pareto frontier diagram in 3D perspective.

Table 11 
System results under optimum condition.

Parameter Value

Decision variables
Number of wind turbines (− ) 10
Total area of PTSCs (m2) 10031.58
Turbine inlet pressure,(kPa) 3300.25
Pinch point temperature differences of HEX1 ( ◦ C) 10.02
Pinch point temperature differences of HEX2 ( ◦ C) 16.61
Outputs
Ẇwt(kW) 1655.4
ẆSRC(kW) 501.97
ẆORC(kW) 143.07
ẆTEG(kW) 43.67
ẆGrid(kW) 1393.5
Q̇Cooling(kW) 1375.9
ṁfreshwater(kg/s) 19.42
ṁLiquid− H2(kg/h) 4.19
LCOH($/kg) 3.24
ĖxD,total(MW) 7.78
ηex(%) 21.25
Żtot($/h) 114.46
ERCCO2 ($/h) 10.12
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Fig. 13. Hourly meteorological data for Dammam, Saudi Arabia, in 2019: (a) Average and clear sky DNI in [W/m2], (b) wind speed in [m/s], and (c) ambient 
temperature in [ ◦ C].
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solar collectors with wind turbines, the proposed system captures 
complementary energy streams, ensuring reliable electricity supply even 
during intermittent solar conditions. The recovered thermal energy 
drives steam Rankine and organic Rankine cycles, while low-grade heat 
supports single-effect absorption cooling and reverse osmosis desalina
tion. The integration of a PEM electrolyzer and hydrogen liquefaction 
unit provides a clean, storable fuel for district-scale applications, such as 
electrified transportation or backup energy for green buildings. Fig. 13
presents the hourly variations of wind speed, solar irradiance, and 
ambient temperature in Dammam during 2019, which serve as funda
mental inputs for the operation of the proposed hybrid system. The 
meteorological dataset, sourced from the National Solar Radiation 
Database [75], highlights the city’s strong solar potential complemented 
by moderate wind resources, making it well-suited for hybrid renewable 
energy deployment.

Fig. 14(a–d) presents the monthly average outputs of the proposed 
multi-generation system, illustrating the distinct seasonal responses of 
electricity, cooling, freshwater, and liquefied hydrogen production 
under realistic meteorological conditions. Grid electricity output 
(Fig. 14a) exhibits the strongest seasonal variability, ranging from 38.7 
kW in April to 340.4 kW in July. This nearly ninefold increase is pri
marily driven by the combined availability of solar irradiance and wind 
resources, confirming the dominant role of renewable inputs in sup
plying high-temperature heat to the power generation cycles.

The cooling output of the absorption refrigeration cycle (Fig. 14b) 
follows a different seasonal trend, peaking at 393.8 kW in June. This 
behavior is governed mainly by ambient temperature rather than solar 

availability, reflecting the thermodynamic dependence of the LiBr–H2O 
absorption system on heat rejection conditions. Freshwater production 
(Fig. 14c), which is electrically driven through the reverse osmosis unit, 
varies between 5.86 and 8.88 m3/h and closely tracks the availability of 
grid electricity.

Liquefied hydrogen production (Fig. 14d) represents the most critical 
and distinguishing output of the system, as it integrates the performance 
of renewable electricity generation, PEME, and the Claude-based 
liquefaction cycle enhanced by LNG cold energy recovery. The 
hydrogen output varies from a minimum of 1.27 kg/h during low- 
resource months (April and November) to a maximum of 1.92 kg/h in 
July, corresponding to a seasonal increase of approximately 51%. 
Notably, this variation is substantially smaller than that observed for 
grid electricity, indicating a strong buffering effect introduced by system 
integration.

The July peak in liquefied hydrogen production is primarily attrib
uted to the simultaneous availability of surplus renewable electricity for 
PEME and improved thermodynamic performance of the liquefaction 
train. In particular, the utilization of LNG cold energy for hydrogen 
precooling significantly reduces the specific compression and refriger
ation work required in the Claude cycle. This effect becomes more 
pronounced during summer months, when higher cooling loads and 
increased waste-heat recovery enhance the performance of the 
ORC–TEG–LNG thermal cascade supplying the cryogenic stages.

The relatively smooth seasonal profile of liquefied hydrogen pro
duction demonstrates that, unlike direct electricity output, hydrogen 
liquefaction benefits from inherent energy storage and thermal 

Fig. 14. Monthly outputs of the proposed multi-generation system: (a) grid power, (b) cooling load, (c) freshwater production, and (d) liquefied hydrogen output.
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integration mechanisms. Variable renewable inputs are effectively 
transformed into a storable, high–energy–density fuel through coordi
nated use of waste heat and cryogenic cold energy. This confirms the 
effectiveness of the proposed design in stabilizing hydrogen supply at 
the district scale while maximizing overall system efficiency.

Fig. 15 illustrates the monthly variation in key performance in
dicators, demonstrating the strong seasonal dependency of the proposed 
hybrid system. Exergy efficiency peaks in July (22.97%) and January 
(21.69%), driven by higher wind availability and improved thermody
namic conditions, while its lowest values occur in November (9.26%) 
and May (9.58%), reflecting reduced renewable input and lower thermal 
resource intensity. The LCOH exhibits an inverse trend, reaching its 
minimum in July (4.60 $/kg) and maximum in November (7.01 $/kg), 
primarily linked to fluctuations in renewable electricity supply that 
directly affect electrolyzer utilization. Emission reduction costs show 
pronounced variability, with a significant peak in July (6.38 $/kg CO2- 
eq) due to enhanced displacement of fossil-based generation, and min
imum values in November (2.04 $/kg CO2-eq) when system perfor
mance is at its lowest. The total cost rate demonstrated minimal seasonal 

fluctuation, remaining within a narrow range of approximately 152.5 to 
157.9 $/h throughout the year, as the system's capital costs are domi
nant and largely invariant to monthly output variations. Overall, the 
monthly analysis confirms that seasonal renewable resource availability 
governs both thermodynamic efficiency and economic–environmental 
outcomes of the integrated system.

Overall, the findings confirm that a centralized hybrid cogeneration 
system can enhance urban energy resilience, reduce dependence on 
fossil fuels, and provide distributed low-carbon services. By enabling 
integrated electricity, cooling, water, and hydrogen production for 
multiple buildings, the approach supports sustainable urban develop
ment and aligns with Saudi Arabia’s Vision 2030 objectives of energy 
diversification, decarbonization, and promotion of hydrogen as a stra
tegic clean energy carrier.

7. Conclusion

This study developed and assessed an advanced wind–solar–driven 
cogeneration system tailored to support net-zero-energy green buildings 

Fig. 15. Monthly assessment of system performance metrics: (a) exergy efficiency, (b) levelized cost of hydrogen, and (c) emissions reduction costs.
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by supplying multiple end-use demands, including electricity, cooling, 
freshwater, and liquefied green hydrogen. The integrated configuration 
employed wind turbines, parabolic trough solar collectors, an LNG 
regasification unit, an SRC, an ORC coupled with a TEG unit, an ARC, a 
PEME, an RO desalination module, and a Claude-based hydrogen 
liquefaction cycle. Through synergistic waste heat recovery, thermal 
cascading, and hybridization of renewable sources, the system was 
engineered to enhance building-level energy resilience, minimize pri
mary energy consumption, and reduce operational emissions. A 
comprehensive thermo-economic–environmental assessment and an 
optimization process using NSGA-II and an ANN-based surrogate model 
enabled high-fidelity performance evaluation with markedly reduced 
computational cost. A case study for Dammam, Saudi Arabia, validated 
system applicability under real climatic conditions. The key findings are 
summarized as follows: 

• The proposed system configuration effectively harnesses LNG cold 
exergy to significantly enhance the efficiency of the hydrogen 
liquefaction process, a key enabler for practical hydrogen storage at 
the district scale.

• Parametric studies quantified the dominant influence of renewable 
resource capacity: expanding the PTSC field from 10,000 to 20,000 
m2 raised grid power by 78% (to 1.14 MW) and hydrogen output to 
3.64 kg/h, while increasing wind turbines from 1 to 10 boosted grid 
power by 317% (to 1.62 MW) and hydrogen production by 132%.

• Under optimal operating conditions identified by the ANN-NSGA-II 
framework, the system achieves a substantial improvement over 
the baseline, with a 48.7% increase in net power output (1.39 MW), a 
30.5% rise in liquefied hydrogen production (4.19 kg/h), a 75% 
enhancement in exergy efficiency (21.25%), and a 29.6% reduction 
in total cost rate. The levelized cost of hydrogen reaches a competi
tive 3.24 $/kg under these conditions.

• The surrogate-based optimization framework effectively reduced 
computational time of multi-objective optimization while main
taining high predictive accuracy (R2 > 0.998).

• A detailed case study for Dammam, Saudi Arabia, utilizing real 
meteorological data, demonstrated the system's real-world applica
bility. While grid power exhibited an 8.8-fold seasonal variation 
(38.7 to 340.4 kW), liquefied hydrogen production showed a more 
stable 51% variation (1.27 to 1.92 kg/h). This moderation demon
strates the system’s capability to buffer renewable intermittency and 
deliver a reliable, storable fuel.

• The developed thermodynamic modeling and data-driven optimi
zation framework is general and fully reproducible. It provides an 
adaptable tool for assessing the techno-economic feasibility of such 
integrated systems in other geographical regions with distinct cli
matic conditions and energy market contexts.

In conclusion, this work demonstrates that tightly integrating 
renewable generation with LNG cold recovery and multi-stage waste 
heat utilization presents a technically sound and economically prom
ising strategy for developing resilient, multi-service energy in
frastructures for future sustainable cities. The pathway toward 
implementation now extends to dynamic performance analysis under 
transient conditions, integration with smart building and grid manage
ment systems, and detailed lifecycle assessments to further validate 
long-term sustainability and scalability across diverse global contexts.
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